We report the presence of a 128 bp tandem repeat in the mitochondrial control region of the loggerhead shrike (Aves: Lanius ludovicianus). All individuals examined had either two or three copies of the repeat or were heteroplasmic for two and three copies. This is the first direct demonstration of a tandem repeat associated with heteroplasmy in the control region of a bird. A novel model for repeat duplication, which involves an inverted repeat located adjacent to the tandemly repeated sequence, is presented. Individuals with three repeats are absent from the endangered population of San Clemente loggerhead shrike in southern California, suggesting that the island endemic has a small effective population size and that there is insignificant gene flow from the adjacent mainland.
Tandemly repeated sequences within the control region of the mitochondrial genome have been reported in a variety of vertebrate and invertebrate species (reviewed in Hoelzel 1993; Rand 1993) . The unit length of these repeats varies from between less than 10 to over 200 base pairs (bp), and the location of the repeated sequence within the control region is also variable. The presence of these sequences is usually associated with heteroplasmy, that is, the presence of more than one mitochondrial DNA sequence in the same individual. The study of tandem repeats in the control region is important for the light it sheds on a variety of processes, including the molecular mechanisms that generate the repeats and homogenize repeat sequences, the functional implications of the repeats, the dynamics of the heteroplasmic condition, and the partitioning of variance in number of repeats within individuals and within and between populations.
Among birds, intraspecific mtDNA length variation has been reported in a few species. Studies of restriction fragment length polymorphisms of whole mtDNA in king rails (Rallus elegans), clapper rails (/?. Iongirostris; Avise and Zink 1988) , and mourning doves (Zenaida macroura; Ball and Avise 1992) revealed length variation and heteroplasmy consistent with the presence of tandem repeats. Edwards and Wilson (1990) found fixed differences in the overall length of the control region itself among different populations of the greycrowned babbler (Pomatostomus temporalis). Finally, a tandem repeat of a very short sequence motif was reported in the control region of dunlin (Calidris alpind), and turnstone (Arenaria interpres; Wenink et al. 1994) . We here report the first direct evidence of tandem repeats associated with heteroplasmy in an avian species.
We have discovered a 128 bp direct tandem repeat in the control region of the loggerhead shrike (Lanius ludovicianus) and the occurrence of individuals heteroplasmic for length variants of this repeat. These observations were made during an ongoing survey of genetic variation in the endangered San Clemente loggerhead shrike (L. I. mearnsi), which now numbers fewer than 50 birds and is the focus of a U.S. Navy-sponsored recovery program.
Materials and Methods

Specimens
The following loggerhead shrikes, all from southern California, were included in the present study: L I. mearnsi (San Clemente loggerhead shrike)-16 individuals from San Clemente Island, Los Angeles Co., sampled from 1991 to 1993; L. I. gambeli-16 individuals from Perris, Riverside Co., sampled from 1991 to 1994, and 12 individuals from within 20 km of San Diego, San Diego Co., sampled in 1994. These three sites are approximately 160 km apart. A single individual of the common fiscal shrike (/.. collaris), an African species, was also included in the study.
3 repeats 2 repeats Figure 1 . Size variation and heteroplasmy detected in PCR products encompassing the region containing tandem repeats. Primers used were DLL2 and FTPH2. Lanes 2-6: five loggerhead shrikes, containing 3, 2, 2 + 3, 2 + 3, and 2 tandem repeats, respectively. Lane 7: common fiscal shrike. For the heteroplasmic individual in lane 4, there is more PCR product containing two repeats than product containing three repeats; the reverse is true for the heteroplasmic individual in lane 5. Loggerhead shrikes are from Perris (lanes 2 and 4), San Clemente Island (lanes 3 and 6), and San Diego (lane 5). For lanes 2-4 and 7, DNA was extracted from liver or muscle samples; for lanes 5-6, DNA was extracted from feathers. Lanes 1 and 8: MW markers (Hindi digest of <f>X174).
placed far apart from the region of main similarity; in these cases, to reduce the number of gaps, alignment of the short stretches close to the region of main similarity was made by eye. Single-stranded secondary structure was investigated using the FOLD program of the GCG package (Devereux et al. 1984; Zucker and Stiegler 1981) . The G-test of independence was used to assess the significance of frequency differences between populations. Because of small sample size, individuals with three repeats were pooled with heteroplasmic individuals with two and three repeats and Williams' correction was applied (Sokal and Rohlf 1981) .
Tissues Sampled
Four to six feathers were plucked from the flank area of 33 adult birds caught in Channing and Bal-Chatri traps. In addition, seven whole carcasses were available from birds in the San Clemente loggerhead shrike captive breeding program that died from natural causes and from four individuals from the mainland that were culled because they were predators at nesting colonies of the endangered California least tern. The common fiscal shrike sample was received as extracted whole genomic DNA.
DNA Extraction, Amplification, and Sequencing MtDNA was isolated from liver, skeletal muscle, and other soft tissues by an alkaline lysis procedure (Tamura and Aotsuka 1988) . Total DNA was extracted from single feather shafts using 5% Chelex 100 (Biorad; Hercules, California), following the method of Morin et al. (1994) , except that the proximal feather tip (calamus) was cut longitudinally rather than being ground in liquid nitrogen. Polymerase chain reaction (PCR) amplifications were performed in a thermal cycler (Hybaid; Teddington, UK) in a 25 (JLI total volume containing 0.5 to 1.0 unit Taq polymerase (Perkin-Elmer; Norwalk, Connecticut), 1 x PCR buffer, 50 \>M each dNTP, 1.5 mM MgCl 2 , and 25 p.g bovine serum albumin (Fraction V, Sigma; St. Louis, Missouri). Cycling parameters were as follows: 1 X 94°C, 3 min; 20-40 X 94°C, 30 s, 50-60°C, 60 s, 72°C, 90 s; 1 x 72°C, 10 min. PCR products were run on 2% agarose gels containing 1% high melting point agarose (Fisher; Fair Lawn, New Jersey) and 1% low melting point agarose (Nusieve GTG, FMC; Rockland, Maine). Primers and dNTPs were removed from PCR products using Geneclean (BIO 101; La Jolla, California). Direct double-stranded sequencing was performed with Sequenase (USB; Cleveland, Ohio) and 35 S-dATP using a protocol containing Nonidet P-40 (Sigma) (Garza and Woodruff 1992) . Products of sequencing reactions were separated on 8% polyacrylamide gels (Long Ranger, J. T. Baker Inc.; Phillipsburg, New Jersey). Dried gels were exposed to X-ray film (X-Omat, Eastman-Kodak; Rochester, New York) for 1 to 7 days. Sequences were read by eye.
Primers
The original primers used were BCML1 (Control region: 5'-CCCAACTTGCTCTTTT-GCGC-3') and TCR2 (12S rRNA: 5'-GCTCG-TAGTTCTCTGGCGG-3' ) (Operon; Alameda, California) (Joseph and Moritz 1993); and FTPH (Phe tRNA: 5' -CCRTCTTGRTCATCT-TCAGTGYCATGC-3' ) (Radtkey R, personal communication). Sequence obtained with these primers allowed design of primers DLL2 (Control region: 5' -ATGCACTTTTA-CCCCATTCATGGTGG-3' ) and 12SH1 (12S rRNA: 5' -AATGTTTACTACTGCTGAGAAC-CCG-3'); sequence obtained with 12SH1 allowed design of primer FTPH 2, a nondegenerate form of FTPH (Phe tRNA: 5 '-CCATCTTGACATCTTCAGTGCCATGC-3'). Positions of all primers are shown in Figure 3 . For routine analysis of the repeatcontaining region, primers DLL2 and FTPH2 were used, with an annealing temperature of 60°C and 20 cycles for tissue samples, and an annealing temperature of 50°C and 40 cycles for feather samples.
Sequence and Statistical Analysis
Sequences were aligned using CLUSTAL (Higgins and Sharp 1989) . In aligning the short conserved sequence block (CSB) sequences to longer sequences, short stretches of two to four nucleotides were often
Results
PCR products obtained with primers spanning the second half of the control region revealed size heterogeneity among different individuals of the loggerhead shrike, with two size classes differing by about 120 bp ( Figure 1 ). In certain individuals, PCR products of both size classes were generated, suggesting heteroplasmy; the relative intensity of the two products varied among heteroplasmic individuals. The pattern of PCR product(s) for a given individual, including the relative intensity of two products, where present, was consistent between PCR reactions and robust to changes in cycling parameters.
Sequence between a portion of the conserved sequence block 1 (CSB-1) in the control region (Walberg and Clayton 1981) and the first part of the 12S rRNA gene was determined from two homoplasmic individuals representing the two size classes. The shorter sequence (Llul) was obtained from an individual from San Clemente Island and the longer sequence (Llu2) was obtained from an individual from Perris (Figures 2 and 3). The two sequences are identical except for a single transition and a central portion containing tandem repeats that is situated 77 bp from the 3' end of CSB-1 and 158 bp from the start of the Phe tRNA gene. The longer sequence (Llu2) contains three tandem repeats comprising two perfect copies of a 128 bp sequence followed by one imperfect copy, which is divergent from the perfect copy at the 3' end. The shorter sequence (Llul) contains two tandem repeats corresponding to one perfect copy and one imperfect copy. The best alignment of the imperfect copy with the perfect copy contains a 2 bp insertion/deletion. We designate the imperfect copy "im," the first perfect copy "pi" and the second perfect copy (where present) "p2." 
Figure 2. Alignments of tandem repeat and adjacent sequences. (A) Llul, Llu2: CSB-1 in the control region to the first part of the 12S rRNA gene from two individuals of loggerhead shrike containing two (Llul) and three (Llu2) copies of the repeat. Llu3: repeat region from five individuals of loggerhead shrike containing two copies of the repeat. Leo: common fiscal shrike. Chicken: CSB-1, Phenyl tRNA and 12S rRNA sequence from chicken [numbered after Desjardins and Morais (1990) ]. All copies of the tandem repeat are aligned together; pl and p2 are first and second perfect copies of the repeat and im is the imperfect copy. The C-T transition present in all copies of the repeat is marked in bold. Sequences marked with asterisks (*) share high similarity. For inverted repeats, lines above sequences show position of 5 bp and 17 bp repeats in Llul/ Llu2 and lines below sequences show 5 bp and 12 bp repeats in Leo. (B) Alignment of sequences marked with asterisks in Figure 2A . (C, D) Alignments to regions containing CSB-2 and CSB-3 from chicken and duck. Sequences underlined are CSB-2 and CSB-3 after Ramirez et al. (1993) .
The perfect copy of the repeat in sequence Llul differs from the perfect copies of the repeat in sequence Llu2 by a single C-T transition; similarly, the only difference between the imperfect copies in sequences Llul and Llu2 is a C-T transition in the same position as in the perfect copies. The 17 bp of sequence immediately following the tandemly repeated region has high similarity to the first part of the repeat ( Figures  2A,B ). An additional feature is the presence of a sequence containing perfect inverted repeats of 17 bp and 5 bp, which is located between the tandem repeat and the Phe tRNA gene; hereafter this sequence is referred to as the "inverted repeat sequence." The tandem repeat region was sequenced from five other individuals of the loggerhead shrike (four from San Clemente Island and one from Perris). All of these sequences were identical and contained two repeats, comprising one perfect and one imperfect copy, with a cytosine at the variable site in both copies (sequence Llu3; Figure 2 ).
To determine whether the tandem repeat or similar sequence were present in another shrike species, a portion of the control region was amplified from a specimen of the common fiscal shrike (L. collaris) with primers DLL2 and FTPH2 (Figure 1) . The PCR product was approximately 100 bp shorter than the PCR product containing two repeats from the loggerhead shrike. Sequencing revealed that tandemly repeated sequences are absent, but a sequence homologous to the 128 bp region repeated in the loggerhead shrike is Figure 3 . Structure of the segment of shrike control region containing tandem repeats. Positions of primers used are indicated, pi and p2 are perfect copies of the repeat, and im is the imperfect copy.
present (Figures 2A and 3) . The first 18 bp of this sequence is identical to that in the loggerhead shrike, and, as is the case in the loggerhead shrike, it shares high similarity with the comparable sequence in the loggerhead shrike that is adjacent to the repeated region (Figures 2A,B Wenink et al. 1994 ). The best candidates for CSB-2 and CSB-3 are shown in Figures 2C and 2D . For CSB-2 the shrike sequences share reasonably high similarity (64%, 18 identical bases out of 28) to the chicken sequence containing CSB-2, but the similarity to the chicken CSB-2 sequence itself (50%, 7/14) and to the duck sequences (44%, 8/18) are low. For CSB-3, similarity is 65% (11/17), between either shrike and chicken; 64% (8/14), between loggerhead shrike and duck; and 57% (8/ 14), between common fiscal shrike and duck. If this alignment is correct, the loggerhead shrike CSB-3 is in the tandemly repeated sequence.
As secondary structure has been strongly implicated in the generation of repeated sequences in the control region, the potential of the tandem repeat and adjacent region to form secondary structure was investigated. Minimum free energies for secondary structures are as follows (base numbering follows Figure 2 ): Llul-1 repeat (pi, bases 97-224), -6.6 kJ/mol; 2 repeats (pi + im, bases 97-350), -15.2 kJ/mol; Llu3-2 repeats (pi + im, bases 97-350), -14.7 kJ/mol; Llu2-3 repeats (pi + p2 + im, bases 97 to 478), -21.3 kJ/mol. The inverted repeat sequence in LIul (bases 384-452) and Llu2 (bases 512-578) could form a stem-and-loop structure of free energy of -19.5 kJ/mol. For the common fiscal shrike sequence (Lcol), minimum free energies are as follows: sequence homologous to the tandemly repeated sequence (bases 97-224) = -5.3 kJ/mol; inverted repeat sequence (bases 258-321) = -7.4 kJ/mol.
The frequency and distribution of the number of repeats was investigated in three populations of loggerhead shrike in southern California, representing two subspecies: L. I. mearnsi (endemic to San Clemente Island) and L. I. gambeli (mainland populations in San Diego and Perris). Repeat number was assayed by running PCR products using primers DLL2 and FTPH2 on agarose gels (Table 1) . PCR products from all individuals from San Clemente Island had sizes corresponding to two repeats. In contrast, there was polymorphism for repeat number at mainland sites. At both San Diego and Perris, there were individuals with two repeats, three repeats, and two and three (2 + 3) repeats (heteroplasmy). The proportion of heteroplasmic individuals was 16.7% (2/12) in the San Diego population and 6.3% (1/16) in the Perris population. In pairwise comparisons between the populations there were significant differences in genotype frequency between each of the mainland populations and the island population, but no difference between the two mainland populations (G-test of independence with pooling: San Clemente Island versus San Diego, G adj = 9.01, df = 1, P < .01; San Clemente Island versus Perris, G ad) = 7.13, df = 1, P < .01; San Diego versus Perris, G ad) = 0.30, df = 1, ns).
Discussion
Comparison With Other Control Region Tandem Repeats
The length of the repeat unit (128 bp) and the overall length of the repeat region (239 to 367 bp) are within the range reported in other vertebrates (Hoelzel 1993) . Both the position of the repeat between CSB-1 of the control region and the phenyl tRNA gene and the large size of the repeat unit make it comparable to the approximately 160 bp repeats found in rabbits (Mignotte et al. 1990 ) and Japanese macaques (Hayasaka et al. 1991) , and the approximately 260 bp repeats in minnows (Broughton and Dowling 1994) . This group of repeats can be contrasted with (1) the very short repeat units (<10 bp) that occur near CSB-1 in many mammals (Ghivizzani et al.1993; Hoelzel et al. 1993; Hoelzel et al. 1994 ) and (2) the repeats with unit length of approximately 40 bp or 80 bp) that occur in region I of the control region in bats (Wilkinson and Chapman 1991), shrews (Stewart and Baker 1994) , sturgeon (Buroker et al. 1990) , and cod (Arnason and Rand 1992) . Few studies to date have explored variation in the presence of repeats across closely related species. The apparent absence of the repeat in the common fiscal shrike suggests that it may be possible to distinguish different species of shrike on the basis of properties of the repeat. Further work will be necessary to explore this possibility.
Functional Considerations in Region II of the Shrike Control Region
The inverted repeat sequence may be in the promoter region, since a smaller hairpin loop present at a similar position in the chicken has been identified as the site of the major bidirectional promoter (L' Abbe et al. 1991) . The alignments of CSB-2 and CSB-3 are rather weak, and definitive identification of these will require data from a variety of other avian species. If the presence of CSB-3 in the tandem repeat of the loggerhead shrike is confirmed, this would be a further example where a regulatory sequence in the control region has been duplicated (e.g., both CSB-2 and CSB-3 are duplicated in the Japanese macaque repeat; Hayasaka et al. 1991) .
Origin of the Tandem Repeat
The majority of models that have been proposed to explain the origin of duplications in mtDNA are based on replication slippage (Broughton and Dowling 1994; Buroker et al. 1990; Hayasaka et al. 1991) . A common feature of these models is the potential of the region that is duplicated to form a stable single-stranded secondary structure. In the present case it is notable that the predicted minimum free energy of one repeat unit (-6.6 kJ/mol) in the loggerhead shrike is much less than the minimum free energy of the stem-andloop structure that could be formed by the sequence containing 17 bp and 5 bp inverted repeats (-19.5 kJ/mol). This suggests that the inverted repeat region may have been involved in the origin of the duplication event. As this region is near to the phe tRNA gene (and may contain the promoter site), it is almost certainly upstream from the D loop and the origin of heavy strand replication. A further feature relevant to a discussion of the origin of the repeat is the presence in the loggerhead shrike of sequences of high similarity at the start of and immediately following the repeated sequence. These features suggested a new model of repeat duplication that is presented in Figure 4 .
The inverted repeat and adjacent regions are replicated toward the end of synthesis of the new heavy strand ( Figure  4A ). After synthesis has proceeded to the limit of the sequence that will be duplicated, the daughter strand separates, the inverted repeat region folds into the stemand-loop structure, and the free end of the new strand anneals to the sequence of high similarity adjacent to the region that will be duplicated ( Figure 4B ). Folding of the repeat region may also be involved in bringing the free end into the correct position for annealing. Replication then proceeds, creating a heavy strand with a tandem duplication ( Figure 4C ) paired to a normal length light strand. In the next round of replication, a light strand containing the duplication is synthesized, completing the cycle of duplication, and resulting in heteroplasmy. Once the initial duplication has occurred, further duplications of the tandem repeat motif could be generated in a similar way (not shown). In contrast, in the common fiscal shrike, the daughter strand could separate, but the stem-and-loop structure, which has a much lower minimum free energy than in the loggerhead shrike, would not be strong enough to prevent the strand reannealing in correct register with the parent strand, and no duplication would occur. Reduction in the number of repeats can also be accommodated in the model if folding of the parent light strand occurs at a stage equivalent to that in Figure 4A , followed by reannealing of the daughter heavy strand one repeat unit further along the parent strand.
This model of duplication within the control region differs from those in which competition between the D loop and the heavy strand is involved (Buroker et al. 1990; Hayasaka et al. 1991) , but has similarities with the variation of the "heavy strand model" described by Broughton and Dowling (1994) . It departs from the latter model, however, in the importance of secondary structure outside the region that is duplicated. Stem-and-loop structures have also recently been implicated in the formation of the very large duplications of mtDNA coding sequences that occur in certain lizards (Stanton et al. 1994 ). Our new model demonstrates the utility of a comparative approach to the study of mtDNA repeats, which has been little used to date, and makes a strong prediction about the correlation between secondary structure and the presence of tandem repeats in shrikes, which can be tested by examining sequences from other species.
Sequence Variation Within the Tandem Repeat
The single base pair difference in all perfect and imperfect copies of the repeat could have arisen by a conversion mechanism or by independent origins of the repeat from sequences containing the transition. Gene conversion in animal mtDNA is poorly understood, as there is no evidence for intramolecular recombination, which can account for gene conversion in the nuclear genome. However, at least one study of tandem repeats in mtDNA concluded that gene conversion must have occurred (Stewart and Baker 1994) . Independent origins of repeated sequences were found in the Japanese macaque, where repeats of slightly differing lengths resulted (Hayasaka et al. 1991 ). In the loggerhead shrike it is striking that the divergent sequence at the 3' end of the imperfect copy of the repeat has identical sequence, including the same 2 bp deletion, in all individuals examined. Although the mechanism by which this sequence diverged from the perfect copy is unclear, it seems unlikely that independent origins of the duplication would lead to the identical divergent sequence. Thus a gene conversion mechanism is a more likely explanation for the observed pattern. Sequence data from more individuals, especially representatives of other populations or subspecies of loggerhead shrike, should shed more light on this question.
Heteroplasmy and Repeat Turnover
The range of different patterns of PCR products found and the repeatability of the pattern for each individual lead to high confidence that the double bands indicate real heteroplasmy and are not an artifact of the PCR. The proportion of heteroplasmic individuals in populations of loggerhead shrike that are polymorphic for repeat number appears to be low. This suggests that the processes that lead to loss of the heteroplasmic condition (genetic drift and selection within individuals) are relatively strong compared with the processes that generate (mutation and paternal leakage) or maintain (selection) heteroplasmy. It is difficult to determine the relative contribution of these components in any particular case. Some progress has been made in rabbits, in which a change in frequency of 153 bp tandem repeats has been found between mothers and offspring and also among different tissues (Casane et al. 1994) . Preliminary results obtained from seven different tissues of a single heteroplasmic loggerhead shrike did not reveal any obvious differences in frequency of two repeat and three repeat containing mtDNAs (Mundy N, unpublished observations). The lack of individuals containing four or more repeats could either be explained by sampling error or in terms of the processes mentioned above. If the absence of individuals containing four or more repeats is real, the two most likely mechanisms are (1) a low mutation rate or insufficient time to generate mtDNA with four or more repeats, and/or (2) selection against mtDNA containing four or more repeats due to suboptimal functioning of such a long control region.
Population Structure
As demonstrated in sturgeon (Brown et al. 1992) , different populations of the same species can differ in the degree of polymorphism in repeat copy number. In the present study, the differentiation between the San Clemente Island and mainland populations is probably due to a difference in effective population size (NJ, coupled with a low level of gene flow. The endangered San Clemente loggerhead shrike (L. I. mearnsi) has experienced a recent population bottleneck, with an estimated census size of 10 to 20 individuals throughout the 1980s (Scott and Morrison 1990) , whereas the two mainland samples of L I. gambeli are located within a large contiguous continental population numbering thousands of birds. The genetic data suggest that insignificant maternal gene flow has occurred recently from the mainland to the island, approximately 100 km offshore. Further data from more polymorphic sequences are necessary to test these conclusions and to examine the possibility that reverse gene flow (island to mainland) is also occurring. Accordingly, we are now surveying for variation in the first part of the mtDNA control region and in nuclear microsatellite loci.
Noninvasive Genotyping
We draw attention to the fact that this research was largely based on noninvasive tissue (DNA) sampling (Woodruff 1993) . Feathers are a satisfactory source of DNA for studies of phylogenetics and molecular ecology (Morin and Woodruff 1995; Morin et al. 1994; Woodruff 1990 ) and even genome evolution, as demonstrated herein. Feather-based genotyping will be especially useful in studies of threatened or protected species, or when field sampling in remote areas is required.
